ABSTRACT
Introduction
Porous anodic alumina (PAA) film was discovered by Masuda and Fukuda in 1995, who developed a two-step replicating process to achieve a uniform, closely packed honeycomb structure [1] . Since then, PAA films have been widely used as a template for the growth of nanostructured materials and devices, and provide an ideal route to fabricate nanowires or nanotube arrays [2] , including carbon nanotubes [3] , silicon [4] , metal [5] , semiconductors [6] and polymers [7] . The PAA film also has wide range of potential applications in micro-and nano-electronics, photoelelctronics, information storage and lithium ion batteries [2] . There is also particular relevance to the biosensors as the high surface to volume ration can lead to improve sensitivity, detection limit, signal to noise ratio and electron-transfer ratio compared to conventional electrodes [8] . The natural sub-micron scale nanostructure of PAA overcomes the limit of traditional lithography techniques on the nano-scale. For example, it provides fundamental nano-metre scale porosity, as the pore diameter and inter-pore distance sizes are controllable. Nevertheless, a high aspect ratio can be easily achieved to enable the growth of nanowires and chemically and thermally stability can benefit for future application [9] .
Template-assisted electrodeposition through a PAA film has been shown to be a cost-effective and high yield fabrication technique for producing nanowire arrays, and thus highly ordered hexagonal arrays of parallel metallic nanowires (Cu, Ni, Au) can be synthesized by electrodeposition [10] . Platinum is a frequently used noble metal in the field of biosensors and Pt nano-wires are widely used to immobilize enzymes for the fabrication of biosensors [11] [12] [13] . To achieve highly ordered Pt nano-wire arrays through PAA templates, the size and thickness of PAA films should be tuneable and controllable.
In this work, a PAA template was fabricated by twostep anodization in 0.3 M oxalic acid. The objective of this study is to optimise the fabrication of PAA films, which have controllable thickness and highly-ordered uniform pore size. We found that electropolishing (EP) prior to anodization plays an important role in smoothing the surface and thus leads to the growth of ordered nanopore structures. The effect of time and voltage on EP was investigated to optimise the best condition. Furthermore, anodizing time and voltage, and pore widening time were thoroughly studied to achieve regular and controllable PAA films. 
Experimental

Working Mechanism
The formation of porous oxide layer involves two major chemical reactions: the formation of alumina and the dissolution of alumina. The rates of these two chemical reactions are equivalent so that pores are formed, as shown in Figure 1 .
Aluminum oxide is formed at the anode through the reaction:
Aluminum oxide dissolution takes place at the cathode:
When the circuit is completed, an electric field is being produced. The surface of aluminum metal is not ideally smooth; cracks and film roughness result in localized surface curvature. The electric field will be enhanced at regions of the surface where there is high local surface curvature. The pores grow and increase their depth with anodizing time.
In order to get self-ordered nano-pore arrays, a twostep anodization is employed. A highly pure aluminum foil was first anodized for 6 hours in 0.3 M oxalic acid at 40 V and 2˚C. However, less self-ordered and less regular pore size of nano-hole arrays could be obtained from this first porous oxide layer. Therefore, the first oxide layer is eliminated by acid etching. Etching allows the metal layer to come out, and consists of self-ordered and regular pore basement. We can then introduce a second anodization process base on this more regular metal template. As a result, highly self-ordered nano-hole arrays can be produced [5] . 
Pretreatment of Al foil
Highly pure aluminium foils (250 µm in thickness, 99.99%, Goodfellow, UK) were pre-treated to clean the surface and reduce intrinsic stress. The aluminium foil was cut into 0.3 × 2.5 cm pieces. All the foil samples were immersed in acetone for degreasing for 1 hour. Then, the foils were washed in an ultrasonic bath for 2 minutes. Afterwards, the foils were immersed in 3.0 M NaOH for 2 minutes for alkaline etching. Finally, the foils were electropolished for different times in perchloride acid at 20 V and 0˚C
Anodization Process
The experimental setup is illustrated in Figure 2 . The foil was first anodized in 0.3 M oxalic acid for 6 hours at 40 V and 2˚C. After the first anodization, the foil was immersed in Cr 2 O 5 /H 3 PO 4 acid for 1 hour for etching. Afterwards, the foil was anodized for a second time under different conditions; it is for this step that the effect of the anodization upon the pore structure is studied.
Characterization
The foil samples were studied using several analysis techniques. A Zeiss Supra 35VP (Germany) Field Emission Scanning Electron Microscope (FESEM) in second electron mode was used to observe the nano-structure of pores and its cross section. Energy Dispersive X-ray was used to investigate the elemental compositions in the sample. A Digital Instruments Nanoscope III (USA) Atomic Force Microscope (AFM) in tapping mode was used to observe the surface morphologies of the sample.
In addition, ImageJ software was used to measure pore diameter to obtain average pore area and pore density from   
Results and Discussion
The surface condition of the Al foil has a great influence on the formation of nano-structured alumina, and thus electropolishing was chosen to minimise the surface defects and obtain a smoother working surface. Figure 3 indicates that electropolishing has a large effect on the surface morphology of the Al film. The as-cleaned sample (Figure 3(a) , without EP) shows a rough surface with maximum vertical distance (R t ) 1.53 µm, while the mean roughness (R a ) is 0.28 µm. After electropolishing for 40 s (Figure 3(b) ), the maximum vertical distance reduces to 1.11 µm, whist the Ra decreases to 0.20 µm.
Figure 3(c)
indicates that R t could be further reduced to 0.23 µm as the EP time was extended to 120 s. Therefore, the maximum vertical distance revealed that the roughness of the sample electropolished for 120 s was the smallest while the raw material one showed the largest value. However, more holes will occur on the surface if EP time was prolonged to 180 s or more. Therefore, the foil, electropolished for 120 s, contained greatest smoothness and this was used in future experiments. Our investigation showed that the time for second anodization would not affect the pore diameter and interpore size. And it is believed that anodizing time affected mostly on the thickness of oxide layer rather than pore diameter. Figure 4 proves our suggestion and indicates that the aluminium oxide layer thickness is controllable. The thickness of the porous oxide layer will increase in second anodizing time, and the thickness of samples anodised at different times is shown in the Figure 4 . A linear fit can be achieved by plotting the thickness (µm) of the oxide layer against the second anodizing time (h), with y (µm) = 0.36 + 2.22x (s). This linear relationship is very important for synthesis of nano-electrode arrays with different aspect ratios. Cu nano-rods only require a small aspect ratio, while carbon nano-tube arrays need ultra-high aspect ratios (1000:1).
It was reported that the anodization voltage, as well as electrolyte, concentration and temperature have major effects on both pore diameter and interpore size [14] . The pore diameter developed here is 35 nm and the interpore size is 95 nm. Li et al. reported that volume expansion of the aluminium turning into alumina during oxidization plays an important role and a moderate expansion value (1.4) is most suitable for self-organized formation in PAA films [15] . The calculated value of vo- The influence of the anodic voltage (20, 30, 40 and 60 V respectively) on the porosity of the PAA film has also been studied. There was no obvious trend when the anodizing voltage increased. This might be due to the conditions applied in the first anodization step. During the first anodization, Al foils were anodized at 40 V and 2˚C in 0.3 M oxalic acid and then the second anodization process follows. Pores are already formed during the first anodization. These pores had their size fixed by the 40 V anodic voltage. Therefore, we obtained similar results though different anodizing voltage applied in the second anodization.
The ability to control pore diameter of PAA films would facilitate device design in the future. The sizes of pore changes with the immersion time in 5 wt% H 3 PO 4 , as showed in Figure 5 . According to the SEM images and the analysis of ImageJ software, the size of the pores of the PAA film can be calculated. The raw film shows the size is 33 nm, and it can increase to 54 nm after immersion for 30 mins, and further increase to 73.4 nm after pore-widening for 60 mins. The linear curve can be achieved by plotting the pore distance to pore widening time, with y (µm) = 34.94 + 0.64x (s). The interpore size is around 95 nm, and is independent on the pore-widening time. The pore densities are between 10 10 and 10 11 cm -2 . It was believed that the widening of the pore by the phosphoric acid was too fast and that all the pores merged together after 3 hours of immersion time. Therefore, no more edges or boundaries could be observed. Figure 6 shows that straight vertical walls, from top to bottom, were formed during the anodization process. This straight characteristic is crucial in order to facilitate the growth of CNTs or metal nanowire arrays in the next electrodeposition process. Energy dispersive X-ray spectroscopy (EDX) analysis indicates that only two elements can be observed. There are Al and O, while the occurrence of the C element is due to the signal from Carbon conductive tapes. EDX analysis is able to confirm that all the aluminium is oxidized to alumina.
Conclusions
Highly ordered porous anodic alumina films have been fabricated by a two-step anodizing method. Pretreatment plays an important role and electropolishing for 120 s yields the smoothest surface. The size and porosity of the film is controllable, with thickness various between 5 and 100 µm and pore size between 30 and 80 nm. The interpore size is around 95 nm, and is independent of the immersion time. The pore densities are about 10 10 -10 11 cm -2 . Also straight vertical walls were formed during the anodizing process, which will facilitate the growth of CNT or metal nanowire arrays in the next steps.
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